Irradiation of rat testes leads to the failure to support differentiation of the surviving spermatogonia due to damage of the somatic environment. To determine the involvement of Sertoli cells in this somatic damage, we transplanted seminiferous tubule cells from normal immature GFP-transgenic rats into the testes of irradiated rats. The donor Sertoli cells colonized and developed in the host testes. In many seminiferous tubules, the donor Sertoli cells formed abnormal spherical structures in the lumen, but in some tubules they formed a normal-appearing epithelium, but with only isolated spermatogonia, on the basement membrane. When the donor cells were injected into the interstitial region of the testis, they formed tubule-like structures containing Sertoli cells and occasional isolated spermatogonia, both of donor origin. Surprisingly, in host tubules adjacent to these newly formed donor-cell tubules or adjacent to the endogenous tubules with abnormal donor Sertoli-cell structures, endogenous spermatogonia differentiated to the spermatocyte or even to spermatid stages. Around these newly donor cell-formed tubules and the host tubules with abnormal donor Sertoli-cell structures, many cells including macrophages, which perhaps represented chronic inflammation, accumulated in the interstitium. We conclude that the donor Sertoli cells that colonized the seminiferous tubules did not directly support recovery of spermatogenesis. Instead, the colonizing Sertoli cells acted indirectly on the interstitium to stimulate localized differentiation of endogenous spermatogonia.
Introduction
Spermatogenesis occurs in the enclosed environment of the seminiferous tubule and directly depends on the close and supporting relationship between the spermatogenic and Sertoli cells and on paracrine or indirect actions of other testicular somatic cells. Dysfunction of the somatic environment could lead to failure of normal spermatogenesis to proceed. For example, in irradiated rat testes, the surviving spermatogonial stem cells are capable of self-renewal and proliferation, but they are unable to differentiate and instead undergo apoptosis (Kangasniemi et al. 1996 , Meistrich & Shetty 2003 . In an attempt to determine whether the radiation damaged the spermatogonia or the somatic environment, we recently transplanted spermatogonia from immature or irradiated adult green fluorescent protein (GFP)-transgenic rats into irradiated LBNF 1 rats or nude mice respectively. We found that the irradiated spermatogonial stem cells could colonize and differentiate in the permissive murine host, but the irradiated rat testes did not support the differentiation of normal, functional, transplanted spermatogonial stem cells (Zhang et al. 2007 ). Although we showed that the defect in the somatic environment could be reversed by suppressing testosterone levels, the cell type and molecular factors responsible for the defective spermatogenic environment are not known.
To investigate the role of the Sertoli cell in spermatogenic development in the damaged testes, we took advantage of the ability of transplanted, immature Sertoli cells to develop in host testes. Previously it was shown that normal perinatal mouse Sertoli cells, transplanted into a testis with genetic defect in its own Sertoli cells, develop in the host testis and support complete spermatogenesis in a few tubules, which was sufficient to obtain enough testicular sperm for successful fertilization by intracytoplasmic sperm injection (Kanatsu-Shinohara et al. 2005) . The percentage of tubules populated by donor Sertoli cells was increased when the recipient was treated to deplete endogenous Sertoli cells (Shinohara et al. 2003) . In addition to the Sertoli cells, donor myoid and fibroblast-like cells could also colonize the host's seminiferous tubules and divide them into 'minitubules', some of which contained early and occasionally differentiated spermatogonial cells (Shinohara et al. 2003) . We also demonstrated that donor Sertoli cells from immature rats colonized within the seminiferous tubules of irradiated rats, but in that study we did not focus on the effect of this colonization on spermatogonial differentiation (Zhang et al. 2007) .
In the present study, we further investigated the results of transplantation of Sertoli cells from immature normal rat testes into the seminiferous tubules or the interstitial compartment of irradiated rat testes to investigate whether or not donor Sertoli cells might repair the damaged spermatogenic environment in irradiated rat testis. We found donor Sertoli cells, in addition to colonization, development, and formation of colonies along the basement membrane and in the lumen of the seminiferous tubule, also formed de novo tubule-like structures in the interstitium. Endogenous spermatogenesis in the irradiated rat testes partially recovered 3 months after the transplantation and was in association with donor Sertoli cell colonization in non-physiological locations.
Results

Donor cells within seminiferous tubules
When donor seminiferous tubular cells from immature GFP-transgenic rats were injected into the seminiferous tubules of irradiated rat testes, most of the donor cells observed 13 weeks later were GFP-positive Sertoli cells (Fig. 1A , B, E, F, I, J, M, N and O). In all cases, the cells were identified as donor Sertoli cells by GFP positivity (Fig. 1A , E, I, M and O) and strong WT1 nuclear staining (Fig. 1B, F , J, N and O) . Single or short chains of donor spermatogonia were occasionally found in the recipient's seminiferous tubules, as reported previously (Zhang et al. 2007 ), but these never produced any differentiated cells. None of these Sertoli cells appeared to be proliferating as assessed by proliferating cell nuclear antigen (PCNA) staining at the time of tissue harvest, 13 weeks after transplantation. By contrast, endogenous germ cells were actively proliferating (Fig. 1P) .
The donor Sertoli cells showed three major patterns of colonization in the recipient's seminiferous tubules: clustered in the lumen of the seminiferous tubules ( Fig. 1E-H , L, O and P), a layer of cells along basement membrane M and N) , and a single layer or clusters of cells along original and newly formed basement membranes in segregated tubules (Fig. 1A-D) .
The most frequent of these patterns consisted of Sertoli cells in the center of the tubule, forming spherical structures around a central core, which contained collagen-rich extracellular matrix (Fig. 1L) , usually surrounded by a layer of actin-positive, presumably peritubular myoid cells of donor origin (Fig. 1H) . Although it appears in many cross sections that the Sertoli cell colonies were in the lumens of tubules, the structure on which they formed was contiguous, in some sections, with the periphery of the tubule (not shown) and, in some planes of section, with the endogenous peritubular myoid cells (Fig. 1D) .
Other tubules contained donor Sertoli cells that covered part or all of the original basement membrane of the tubule M and N) . The morphology of these Sertoli cells and the epithelium was very similar to that of the endogenous Sertoli cell epithelium of the irradiated rat except that many of the tubules that contained a high proportion of donor cells along the basement membrane had a higher density of Sertoli cells ( Fig. 1M and N) than did other atrophic tubules from the irradiated rat. In addition, these tubules occasionally contained spermatogonia (Fig. 1K, arrows) .
Some tubules were essentially filled with donor Sertoli cells with their nuclei arranged along the basement membrane ( Fig. 1A and B) . In many cases, these tubules were invaded by peritubular (Fig. 1D ) and fibroblasticlike cells that could segregate the tubule into 'minitubules' (Shinohara et al. 2003) .
Because of the age range of the donors, we analyzed the cellular composition of smears of suspensions prepared from donor rats at different ages using anti-WT1 and anti-smooth muscle a-actin antibodies to identify Sertoli and myoid cells respectively. The percentage of Sertoli and myoid cells respectively were 66 and 21% in 5-day-old donors, 71 and 14% in 10-day-old donors, 68 and 10% in age 15-day-old donors, and 44 and 7% in 21-day-old donors. Despite a more marked drop in myoid cells than of Sertoli cells with age, all patterns of colonization were observed in similar frequencies with the donor cells from different ages of rats.
Donor cells in the interstitial compartment
Irradiated rat testes, in which donor seminiferous tubular cells from immature GFP-transgenic rats were injected into the interstitium, either accidentally or deliberately, contained numerous irregular tubular-like structures 13 weeks after injection (Fig. 2) . These structures contained primarily donor Sertoli cells, as evidenced by staining with anti-GFP ( Fig. 2A , E, I and J) and anti-WT1 (Fig. 2B , F and I-L). At their periphery, these tubule-like structures always contained a layer of peritubular myoid cells, which sometimes was interrupted by a gap (Fig. 2D and H, thick arrows). Most of the myoid cells in this layer were GFP negative ( Fig. 2A and E) and were embedded in a collagen-rich basement membrane as indicated by trichrome staining (not shown). The Sertoli cells formed a layer near the basement membrane of the newly formed tubule structures ( Fig. 2B and F) .
When the cells were deliberately injected into the interstitial area, large areas of newly formed tubular structures, like those created by inadvertent interstitial injection, were formed surrounding the preexisting tubules ( Fig. 2E-H) . This difference in area was likely a result of the larger volume of donor cells injected into the interstitial compartment during deliberate injection.
These newly formed tubules contained one layer of donor Sertoli cells, which were often densely packed against the newly formed basement membrane and less densely packed peripheral to the preexisting tubule ( Fig. 2I and J) . None of the Sertoli cells in the newly formed tubules were still proliferating, as assessed with PCNA staining at 13 weeks after transplantation ( Fig. 2K and L). Germ cells, most likely of donor origin since endogenous spermatogonia are confined to the host tubules, were occasionally observed in these newly formed tubular structures, as indicated by nuclear GCNA1 staining that appeared stronger than the background staining ( Fig. 2C and G, thin arrows).
Increased host cellular material developing in the interstitium
When cells were injected through the rete testis into the seminiferous tubules, there was an increase in cellularity around some of the tubules that contained colonies of donor Sertoli cells (Fig. 3A) . When the cells were inadvertently injected interstitially through the rete testis area, the newly formed tubules were also often surrounded by an excess of interstitial cells (Fig. 3B) . In both cases, these cells appeared to be produced as part of a chronic inflammatory reaction. Acute inflammation, characterized by very small, closely packed cells, was rarely seen with either intratubular or interstitial injection. Occasionally, inflammatory-like cells appeared to be invading and destroying the tubular structure (Fig. 3A, arrow) . These reactions did not appear to be related to immunoincompatibility since the interstitial thickening was independent of the backcross generation of the rats from which the transplanted cells were obtained.
The newly formed interstitial cells were actively proliferating, as indicated by their positive staining for PCNA (Fig. 3D) . Many of the cells appeared to originate from circulating monocytes or macrophages as demonstrated by positive ED1 staining (Fig. 3E) . A smaller number of the interstitial cells were tissue-resident macrophages marked with the ED2 antibody (Fig. 3F) .
Stimulation of endogenous spermatogenesis: histological observations
When Sertoli cells were injected into the seminiferous tubules and colonized the lumen of the host tubules ( Fig. 4A -C arrowheads), we were surprised to see differentiated germ cells (GFP negative and GCNA1 positive), which were present primarily in adjacent tubules in the cross section ( Fig. 4A-C, asterisks) , and since they were GFP negative, represent induced recovery of host spermatogenesis. Many of these differentiated germ cells were well stained with GCNA1, which preferentially marks spermatogonia and early spermatocytes in rat testes. Additional round cells closer to the lumen, which were unstained or palely stained with GCNA1, were likely early spermatids. In other tubules (not shown), endogenous spermatogenesis had progressed to the late spermatid stage. This was unexpected since 6 Gy of irradiation of LBNF 1 rats reduces spermatogonial counts to one spermatogonium per seven tubule cross sections, and the percentage of tubules with any differentiated germ cells beyond the A spermatogonial stage to less than 0.1% .
In addition, when donor Sertoli cells formed colonies in the lumen of tubules ( Fig. 4D and E), as evidenced by GFP and vimentin staining, differentiation of endogenous germ cells was occasionally stimulated in the same tubule. In addition to numerous basally located type B spermatogonia that strongly stained with GCNA1 (thin arrows), late pachytene spermatocytes (thick arrows) and round spermatids (arrowheads) that stained weakly for GCNA1were observed (Fig. 4F) .
The formation of individual de novo tubules from donor Sertoli cells by accidental injection of cells into the interstitial space during rete testis injection ( Fig. 4G and H) also induced differentiation of endogenous spermatogonia (GFP negative) in the adjacent tubules of the recipient testis. These spermatogonia (arrows) and the early primary spermatocytes (dark brown) stained positively with anti-GCNA1 (Fig. 4I ). Even when most of the injected cells inadvertently went into the interstitial space and formed, in some regions, a network of de novo tubule-like structures in the interstitial space ( Fig. 4J and K), differentiation of endogenous spermatogonia in some of the embedded preexisting tubules was stimulated. This was indicated by the large number of GCNA1-positive cells (arrows) at or near the basement membrane (Fig. 4L ).
Stimulation of endogenous spermatogenesis: quantitative analysis
We then quantified the percentages of tubules showing colonization by Sertoli cells and those showing differentiation of endogenous spermatogenic cells after different types of injection (Table 1) . Although a range of backcross generations of donors (three to seven generations) and times between irradiation and transplantation (7-21 weeks) were used, these variations had no effect on the percentages of tubules showing colonization by Sertoli cells or the stimulation of endogenous spermatogenesis. There were, however, apparent increases in the colonization and stimulation with increasing donor age (range, 5-21 days). The most likely cause of this was the larger numbers of viable cells obtained and injected when older rats were used, since when the values were normalized to the average numbers of cells injected in each treatment group, there was no longer any significant dependence of Sertoli cell colonization (Fig. 5A ) or endogenous differentiation (not shown) on donor age. Surprisingly, there was no difference between the colonizing efficiency of Sertoli cells from 5-to 6-day-old and 19-to 21-day-old rats and, in some recipients, normally postmitotic Sertoli cells from 20-to 21-day-old rats colonized more than 40 and 20% of tubules (before normalization) respectively.
When we performed a sham transplantation and injected the testes with either medium or nothing at all, there was little or no differentiation of endogenous germ cells (Table 1) , as was the case with unmanipulated irradiated rats . However, when the donor cells were injected through the rete testes and Sertoli cell colonization occurred either within the tubules (intratubular), both within and outside the tubules (intratubular plus interstitial), or outside of the tubules forming de novo tubules (inadvertent interstitial), there were significant increases in endogenous spermatogonial differentiation in 3-4% of the tubules (Table 1) . The significant correlation between the percentages of tubules showing differentiation of endogenous germ stem cells and the percentages of tubules showing Sertoli cell colonies in the 45 rat testes receiving only intratubular injection of donor cells (Fig. 5B) provided support for the hypothesis that the Sertoli cell colonization was the likely cause of the stimulation of endogenous spermatogonial differentiation.
When the donor cells were deliberately injected into the interstitium, a significantly higher percentage (14%) of the tubules showed differentiation of endogenous spermatogonia than when injections were performed through the rete testis. This was perhaps, in part, due to the larger volume of donor cells injected into the interstitial compartment (about 400-800 ml) than that injected during unsuccessful attempted injections through the rete testis (which was limited to 400 ml). However, significant differences were also observed in the normalized tubule differentiation index, which was obtained by correcting for the numbers of cells injected in the different transplantations, indicating that the greater efficiency of interstitial injection at stimulating endogenous spermatogenesis was not merely a result of the different numbers of cells injected (Table 2 ). 
Discussion
In this study, we have further described the colonization of irradiated rat testis by Sertoli cells collected from testis tubules of immature rats and transplanted along with spermatogonia (Zhang et al. 2007 ). The donor Sertoli cells had the ability both to colonize the interior of tubules, either as structures on newly formed basement membrane in the center of the tubules or partially or completely replacing the endogenous Sertoli cells along the basement membrane, and to form new tubule-like structures in the interstitium. The structures we observed in the lumen of the tubules were quite different from those that developed following transplantation of perinatal rat seminiferous tubule cells into recipient rat testes (Jiang & Short 1995) , which were intralumenal, truncated segments of seminiferous epithelium containing basement membrane, Sertoli cells, and complete spermatogenesis. Those structures also showed interdigitation with the host's seminiferous epithelium, with the basement membranes sometimes dividing the tubule into multiple sections (Jiang & Short 1998 ). Although it was not possible to prove unequivocally that the luminal spermatogenesis was donor derived, such structures were only observed after transplantation.
Our observation of the ability of Sertoli cells from young rats to form de novo tubule-like structures in the testicular interstitium is consistent with the previous reports of the development of testicular tubular structures when immature rodent, porcine, or bovine testicular cells, as pellets or following re-aggregation in culture, were implanted under the back skin or testis tunica albuginea of nude mice (Gassei et al. 2006 , Honaramooz et al. 2007 , Kita et al. 2007 , Zhang et al. 2008 .
In the present study, despite the decreasing percentage of Sertoli cells in testicular tubule cell suspensions and their lower proliferative potential with increasing age, there was no significant decline in the ability of Sertoli www.reproduction-online.org cells from donor rats up to 21 days of age to colonize the tubules (Fig. 5A ). Large areas of epithelium in existing or de novo formed tubules contained donor Sertoli cells at a greater density than that observed with the endogenous cells (Fig. 1N, Fig. 2F and Fig. 4K ). Although we did not deliberately eliminate Sertoli cells as done in other studies to make room for proliferation of donor cells (Shinohara et al. 2003) , the high density of donor Sertoli cells that colonized in the host's tubules indicated that the seminiferous epithelium had space to allow a greater number of Sertoli cells along the basement membrane. Understanding the relationship between the different patterns of Sertoli cell colonization and spermatogonial differentiation may help elucidate the cellular damage responsible for the block in spermatogonial differentiation in irradiated rats and its reversibility. It is notable that when donor Sertoli cells colonized in a physiological location, along the basement membrane of recipient tubules, they did not support or stimulate spermatogonial differentiation, whereas when they colonized ectopic locations, they stimulated endogenous spermatogonial differentiation in neighboring tubules.
It is important to consider that the spermatogonial stem cell niche is composed of Sertoli cells and basement extracellular matrix, and possibly peritubular myoid and interstitial cellular components around the seminiferous tubules (Shetty & Meistrich 2007 , Yoshida et al. 2007 ). The observation of isolated donor ( Fig. 1G and K) and host ( Fig. 1N ) spermatogonial cells associated with Sertoli cells that colonized along the tubular basement membranes and the observation of donor spermatogonia with the Sertoli cells forming the de novo tubules along basement membranes in the interstitial compartment ( Fig. 2C and G) demonstrates that the donor Sertoli cells formed new niches for spermatogonial stem cells. In the We previously showed that 83% of GFP-positive tubules contain donor Sertoli cells, with the remaining 17% containing donor spermatogonia; none of the differentiating germ cells were GFP positive. ).
e Controls included testes injected with medium alone (250-350 ml, nZ6) and rats that were not injected (nZ3).
f Testes that were injected into the rete testis (O1% of tubules contain GFP-positive cells) but some of the solution leaked into the interstitial space. irradiated testes, these spermatogonia in such niches did not show differentiation within 3 months after transplantation. Furthermore, although donor Sertoli cells often colonized at a high density, the number of spermatogonia in the tubules still appeared to be quite low. Similar to our present report, we found earlier that bovine Sertoli cells transplanted into nude mice either within the testis tubules or in the interstitium of the testis did not support bovine spermatogonial differentiation (Zhang et al. 2008) . Although others have observed that niches formed in mouse seminiferous tubules by transplantation of mouse Sertoli cells (Shinohara et al. 2003) and in de novo formed tubules from testicular cell suspensions from both mice and rats transplanted subcutaneously (Kita et al. 2007 ) did support spermatogenesis, this was only observed in a few tubules. While these results may indicate that in our case the donor Sertoli cells and the niche that they formed were not functional, the failure of spermatogonia associated with the donor Sertoli cells to differentiate in this environment is consistent with our previous observations that the somatic environment does not support the differentiation of either endogenous or donor spermatogonia (Zhang et al. 2007) in the host seminiferous tubules of irradiated rats unless testosterone is suppressed. That the normal donor Sertoli cells injected into irradiated rat testes were not able to either establish functional spermatogonial stem cell niches or support spermatogonial differentiation directly in this environment suggests that the somatic cellderived factors that inhibit spermatogonial differentiation in the irradiated rat testis may have been derived from other cells, besides Sertoli cells. However, to conclusively prove this it would be necessary to demonstrate that the transplanted Sertoli cells are indeed functional in a more permissive environment.
By contrast, colonization of irradiated rat testis tubules with Sertoli cells from immature testis tubules at ectopic positions, either in the center of the seminiferous tubules or in de novo formed tubules in the interstitium, stimulated differentiation of some endogenous spermatogonial stem cells. We ruled out that the transplantation surgery alone accounted for differentiation of any arrested spermatogonia in the irradiated testes by performing sham injections. We propose that it is the colonization by transplanted Sertoli cells, either in the intratubular environment or in de novo formed tubules, which indirectly provides the stimulus for inducing the differentiation. This proposal is supported by the positive correlation between the fraction of tubules with GFPpositive Sertoli cells and the fraction of tubules with differentiated germ cells after intratubular injection, and by the observations that differentiation of endogenous spermatogonia always occurs in tubules adjacent to (Fig. 4C ) or occasionally within (Fig. 4F ) those tubules containing donor Sertoli cells in a non-physiological location, or in host tubules adjacent to de novo tubules containing donor Sertoli cells (Fig. 4I and L) that were formed outside of the host tubules.
One clue to the mechanism of this stimulation is that, in the regions surrounding both the tubules containing Sertoli cell colonies (Fig. 1I, 3A and 4D ) and the de novo formed tubules (Fig. 4C) , there was a moderate increase in interstitial cell numbers. The cells were suggestive of a chronic inflammatory reaction, and not an acute inflammation, which would be characterized by densely packed small lymphocytes, although we cannot rule out that earlier there was an acute inflammation in these regions of the testis that resolved prior to the 13-week time point, as no tissue was harvested at earlier time points. Macrophages, particularly the circulating ED1-positive ones as opposed to resident ED2-positive cells, were enriched in these interstitial regions (Fig. 3E and F) . Whereas resident macrophages are essential for the normal proliferation and maturation of Leydig cells, peripheral inflammatory macrophages produce cytokines (such as IL1, IL6, and TNF) and reactive oxygen species that inhibit Leydig cell steroidogenesis (Hales 2002) , reducing the local tissue levels of testosterone, which allows spermatogonial differentiation to proceed . It is also possible that an increase in non-Leydig-cell interstitial cellularity and the de novo formed tubules in the interstitium segregate the testosterone-producing Leydig cells from the host seminiferous tubules, which also reduces local 504 Z Zhang and others testosterone levels. Furthermore, inflammatory reactions, which often involve macrophage recruitment, result in reductions in the interstitial edema (Hedger et al. 2005 ) that appears to be a major factor blocking spermatogonial differentiation in irradiated rat testes (Porter et al. 2006) . Thus, the mild chronic inflammatory reaction resulting from transplantation and colonization of donor Sertoli cells in abnormal locations could be responsible for the increase in spermatogonial differentiation, but the exact mechanism cannot yet be determined. This study has shown that Sertoli cells from immature rats can form colonies and epithelial structures within the tubules and in the interstitium of irradiated rats and thereby stimulate recovery of spermatogenesis from surviving endogenous stem cells that were otherwise blocked from differentiating by the action of testosterone in these damaged testes. Since spermatogonia within the stem cell niches created by relatively normal epithelia formed by these Sertoli cells ( Fig. 1J and N) did not undergo differentiation, it is unlikely that these Sertoli cells produce a juxtacrine or paracrine factor that directly stimulates the spermatogonia. It is more likely that the Sertoli cells in abnormal locations secreted factors that acted indirectly on the interstitium to produce a mild chronic inflammation, possibly involving macrophages, which reduced local testosterone or interstitial fluid levels and then allowed spermatogonial differentiation to proceed.
It is not clear whether or not there is a potentially reversible block of spermatogonial differentiation in the human testis after cytotoxic exposure. The occasional observation of isolated spermatogonia in testicular biopsies at relatively long times after chemotherapy treatment (Kreuser et al. 1989 ) and the spontaneous recovery of spermatogenesis in some men after several years of radiation or chemotherapy-induced azoospermia (Hahn et al. 1982 , Pryzant et al. 1993 , Gerdprasert et al. 2002 indicate that there may indeed be a reversible block to differentiation in humans. Sertoli cell transplantation may still be useful for treatment of infertility induced by radiation or antineoplastic drugs to reverse this block and provide additional niches for co-transplanted stem cells. Further study of the ectopic colonization by Sertoli cells may provide information with both basic and clinical applications.
Materials and Methods
Animals
LBNF 1 rats (F 1 hybrids of Lewis and Brown-Norway; Harlan Sprague-Dawley, Indianapolis, IN, USA) were used as recipients. LBNF 1 rats were chosen because they are an F 1 hybrid between two inbred strains, and therefore have hybrid vigor and can accept transplants from either parental strain, and are sensitive to the hormone-mediated block in spermatogonial differentiation induced by radiation and other cytotoxic agents (Parchuri et al. 1993 , Gerdprasert et al. 2002 , Meistrich & Shetty 2003 . However, LBNF 1 is not unique as other inbred and outbred strains of rats, including Lewis, PVG, certain substrains of Wistar, Fischer 344, and Sprague-Dawley also have a high sensitivity to radiation and anticancer agents (Delic et al. 1986a , 1986b , Ward et al. 1990 , Gerdprasert et al. 2002 , show this block in spermatogonial differentiation after exposure to toxicants (Allard et al. 1996) , and restore spermatogenic recovery from toxicant exposure upon suppression of hormones (Delic et al. 1986a , 1986b , Gerdprasert et al. 2002 , Udagawa et al. 2006 . Donors were transgenic rats expressing GFP under the control of a CMV enhancer and ubiquitin-C promoter (Lois et al. 2002) . The GFP-transgenic rats, originally on a Sprague-Dawley genetic background, were backcrossed to the inbred Lewis strain (Harlan Sprague-Dawley). The generation of the same allele at the major histocompatibility complex locus RT1 was monitored using PCR and agarose gel analysis of the closely linked microsatellite locus D20Rat46 (Rat Genome Database, http://rgd.mcw.edu/). At the second generation of the backcross, all of the rats used for further breeding had the haplotype of the Lewis strain and had lost the Sprague-Dawley allele (data not shown). Therefore, some of the backcrossed GFP-Lewis males from the third, fourth, and fifth generations were used as donors for testicular cell transplantation to LBNF 1 rats. GFP-positive females from the fifth and sixth Lewis-backcross generation were mated with Brown-Norway male rats (Harlan SpragueDawley) to obtain LBNF 1 rats expressing GFP. All animals were caged in a controlled environment at M D Anderson Cancer Center (12h light:12h darkness) with unlimited access to food and water. All experiments were approved by the Institutional Animal Care and Use Committee of the University of Texas M D Anderson Cancer Center.
Preparation of recipients
Male LBNF 1 rats (about 8 weeks old) were anesthetized with an i.m. injection of a ketamine (0.72 mg/kg) and acepromazine (0.022 mg/kg) mixture and irradiated with a 60 Co g-ray unit (Eldorado 8; Atomic Energy Canada Ltd, Ottawa, Ont., Canada) as described previously . Rats were placed on their backs, and 5 mm of tissue-equivalent bolus material (Superflab, Mick Radio-Nuclear Instruments Inc., Bronx, NY, USA) was placed over the scrotum to provide a buildup layer. The irradiation field extended anteriorly about 6 cm above the base of the scrotum. A single dose of 6 Gy was given at a dose rate of about 0.9 Gy/min. The rats were used as recipients for germ cell transplantation between 7 and 21 weeks after irradiation.
Preparation of donor cells
Immature rats (5-21 days old) were used as testicular cell donors. To harvest single cells from the tubules, we removed the tunica and sequentially digested the tissue with enzymes at 35 8C in a shaking water bath as described in detail recently (Zhang et al. 2006) . Tubules were prepared by two digestions, Trypan blue (Gibco) was added to a concentration of 0.02%. After the cell concentration and viability (Trypan blueexcluding cells) were determined, the cell suspension was kept on ice until transplantation.
Transplantation
Testes of anesthetized recipient rats were exteriorized through an abdominal incision, a 30-G dental needle (Terumo Corporation, Tokyo, Japan) was inserted into the efferent ducts, and donor cells were injected using a 1 ml syringe. Between 100 and 400 ml of the cell suspension was injected into each recipient testis. The total number of viable cells injected into recipient testis was calculated based on cell viability, concentration, and volume injected and is summarized in Table 1 . Transplantation was monitored with the Trypan blue to indicate whether the cell suspension was injected into the seminiferous tubules or out of the seminiferous tubules.
A total of 61 irradiated rat testes were injected with donor cells through the efferent ducts; among them, 45 testes were successfully injected with donor cells exclusively into the seminiferous tubules, 6 testes received donor cells to areas both inside and outside of the seminiferous tubules, and 10 testes received donor cells only in the interstitial compartment. In addition, four testes were deliberately injected with donor cells in the interstitium by inserting the needle into one or two random points of the testis and moving the needle during injection. An additional three irradiated testes were not injected at all and six were injected with only medium (the same medium as used for the cell suspension, with Trypan blue) into the seminiferous tubules.
Microscopic and immunohistochemical assessment
Recipients were killed 13 weeks after transplantation. After removal of the tunica albuginea, the testes were fixed in 4% paraformaldehyde (Sigma-Aldrich) solution overnight at 4 8C and subjected to routine histological processing, embedding, and sectioning at 4-5 mm thickness.
Serial sections were prepared for immunohistochemistry, including antigen retrieval, inhibition of endogenous peroxidase, and blocking as described previously (Zhang et al. 2006) . Rabbit polyclonal (1:5000 dilution, Novus Biologicals, Littleton, CO, USA) or mouse monoclonal (1:1000 dilution, or Roche-Applied Science) anti-GFP was used to stain donor Sertoli and germ cells from the transgenic rats. The rat antimouse monoclonal anti-GCNA1 (germ cell nuclear antigen 1) antibody (1:100 dilution, a gift from Dr George Enders) or rabbit anti-mouse polyclonal antibody to DDX4/Mvh (Vasa) (1:3000 dilution, Abcam, Cambridge, UK) was used to stain germ cells. The rabbit polyclonal anti-WT1 (Wilms' tumor gene; 1:1000 dilution, Santa Cruz Biotechnology, Santa Cruz CA, USA) specifically stains nuclei of Sertoli cells at all ages (Sharpe et al. 2003) . The mouse monoclonal anti-smooth muscle a-actin (1:2500 dilution, Sigma-Aldrich) specifically stains peritubular myoid cells and smooth muscle in blood vessels. The mouse monoclonal anti-human PCNA antibody (Dako, Glostrup, Denmark) was used to stain proliferating cells. Macrophages were stained with antibodies ED1 (1:100), which recognizes monocytes, dendritic cells, and circulating macrophages, or ED2 (1:50 dilution), which recognizes tissueresident macrophages (AbD Serotec, Raleigh, NC, USA; Gerdprasert et al. 2002) .
The primary antibodies were added to tissues and incubated overnight at 4 8C. ABC Elite kits, second antibodies, and 3,3 0 -diaminobenzidine (all from Vector Laboratories, Burlingame, CA, USA) were used as recommended by the manufacturer. In controls, prepared without the addition of primary antibodies, there was no background staining (not shown). Sections were counterstained with hematoxylin. For fluorescent staining, two primary antibodies were incubated with tissues overnight at 4 8C, followed by incubation with one of the two second fluorescent antibodies (Alexa 488 rabbit anti-mouse or Alexa 546 goat anti-rabbit, 1:300 dilutions, Molecular Probes, Eugene, OR, USA) at room temperature for 1 h. DAPI mounting solution (Vector Laboratories) was used to stain nuclei of all cells. Then results were checked under fluorescence microscopy. Some sections were stained with Masson's trichrome to visualize collagen.
Donor cell-positive tubules were counted in histological sections after anti-GFP staining. The differentiation stages and GFP status of germ cells were determined in each tubule by histological criteria. The data are presented in terms of the tubule differentiation index, which is defined as the percentage of tubules reaching a particular stage of development or beyond. We have previously used the criterion of having at least three germ cells at the B spermatogonial stage or later to consider the tubule as differentiating (Meistrich & van Beek 1993) . However, the identification of the type B spermatogonia in the paraformaldehyde-fixed, immunostained sections is more difficult. We therefore used the criterion containing five or more germ cells, some of which were in chains, near the basement membrane, since they were likely to be type B spermatogonia or very early spermatocytes because undifferentiated type A spermatogonia always appear in sections as single cells or short chains (Russell et al. 1990) , to define differentiation to the B spermatogonial stage. The tubular differentiation indices using differentiation to the spermatocyte stage or beyond and to the spermatid stage were also calculated, using the criterion of three or more germ cells that had reached that stage or beyond. All values were based on counting all tubules taken from three sections per testis, at least 100 mm apart from each other.
Statistical analysis
Non-parametric statistics were used because the results of injections (percentages of tubules with donor cell colonization and percentages of tubules showing recovery of endogenous spermatogenesis) were not normally distributed due to the variability of the overall procedure. The tubule differentiation indices after the various modes of injection were first compared with the Kruskal-Wallis test and, since there were significant differences among the groups (P!0.001), the groups were then compared pairwise using the Mann-Whitney U-test.
Analysis of correlations (P values and correlation coefficients) between the percentages of tubules with donor cell colonization or recovery of endogenous spermatogenesis and other factors that might affect the transplant efficiencies was done using a Spearman's rank correlation test. On the scatterplots, a linear regression line is shown for illustrative purposes only.
All statistical analyses were performed using SPSS software.
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